A Capacitor-within-Capacitor (CWC) is a nested structure that has two components: the cell (e.g., the outer capacitor) and the gate (e.g., the inner capacitor). These designations may be interchanged, though. Unlike lumped elements, the gate controls the cell's capacitance through changes in the self-and mutual-capacitance (namely, through accumulated charge on the gate electrodes). Here we demonstrate an efficient parametric oscillator with a CWC interfaced with a diode. Such combination could be useful for graphene electrodes where a voltage bias shifts the Fermi level and hence, its doping level. An intensity signal-to-noise ratio (SNR) of 40 dB is observed when increasing the pump power by 2.5 dB from just below to just above threshold.
I. Introduction:
In equivalent circuit terms, capacitors may be connected in series (the overall capacitance becomes smaller than that of either capacitor), or in parallel (the overall capacitance is the sum of individual capacitances) [1] . Capacitors may take a simple form, such as two parallel plates, or a more complex structure of interdigitated electrodes [2] . Recently, a third possibility, a capacitor-within-capacitor (CWC), was considered [3] . Specifically, one capacitor, the gate capacitor, electronically controls the capacitance of a cell capacitor. The gate may be nested inside the cell (inner gate structure) or outside it (outer gate structure). Such a concept is general and may be applied to dielectric and super-capacitors alike. This form of coupling is particularly attractive since it is made through self-and mutual capacitance. When the gate electrodes are made of 2-D films, such as graphene, voltage controlled charge doping may be achieved in a rather simple manner [4] . . Electrical parametric oscillators have been known for a long time [5] . In essence, a resonating circuit is interfaced with a nonlinear capacitive, or nonlinear inductive [6] element. Modulation of the nonlinear element by an intense pump source at frequency p and above some threshold level results in the generation of two frequencies: the signal at s and an idler at i. Conservation of energy dictates that, p=s+i. Typically, a varactor, or a similar nonlinear capacitive element is used to realize the electrical circuit. Here, we take a somewhat different approach to realize a nonlinear capacitor ( Fig. 1 ).
Consider an inner gate structure with an outer capacitor serving as the cell (Fig. 1a ). A diode, placed across the gate capacitor [3 and its SI section] provides for a voltage controlled element. From a circuit point of view, the effect of the gate diode on the cell's capacitance is understood through the following arguments: if the diode is reversed biased (namely, the gate is open), then the structure is made of three capacitors connected in series. The capacitance in this configuration is the smallest. If the diode is forward biased, then it shorts the gate and the cell's is made of only two capacitors in series and the cell's capacitance increases. Alternatively, from an artificial dielectric point of view, one may consider the shortened gate capacitor as a giant electrical dipole whose increased polarity affects the cell's capacitance via an increase in the effective cell's permittivity. Similar arguments may be made for nonlinear artificial magnetic dipoles (the current loop that connects the inner gate electrode, the diode and the inductor with the input pump source) whose effect is to decrease the cell's permittivity, albeit, this effect is out of the scope of this write-up.
II. Experiment
The CWC is made of 4 copper strips (plates), making an area of 12 mm x 12 mm when put across one another ( Fig. 1a ). They are separated by dielectric films (pieces of cut paper). The structure is held between two glass slides 25 mm x 25 mm by two clips. The inner gate, which controls the outer cell is aimed to operate at resonance. It has a quality factor near unity. The capacitance is ca 0.014 nF and ca 0.04 nF between the outer plates and between the inner plates, respectively. The sinusoidal pump frequency is aimed at ca 1.06 MHz; the signal of this degenerate configuration is observed at ca 0.53 MHz (Fig. 2b) . The 1N91 1DC723 Ge power diode that connects the gate electrodes has a large reverse voltage rating (VR>75 V) and a negative breakin voltage (Fig. 1b) . Parametric oscillations were observed with Ge diodes, as well as with Si diodes (Fig. 1b ) though with different DC bias. The entire circuit and layout are shown in Fig. 1c d. A WaveTek frequency generator, an HP spectrum analyzer and HP oscilloscope are used to assess the input amplitude, the DC offset and the output spectrum. In Fig. 2a we show the output signals just below pump threshold; the pump amplitude is 1.8 Vp-p. The output is composed of only the pump frequency at 1.06 MHz. By increasing the pump amplitude to Vp-p=2 V (Fig. 2b) , two additional peaks appear: at 0.53 MHz and at 1.59 MHz, respectively. The first peak is the parametric oscillation at half the pump frequency; the second is at the pump frequency and the third is for sum frequencies of the pump and the signal, 3p/2ps. The input pump intensity translates to -8.8 dBm for a 2 Vp-p amplitude, as measured directly on the gate. Thus, the intensity of the signals at either s or 3p/2 is ca -40 dB from the input pump intensity. The transmitted pump intensity is 20 dB larger than the intensity of the signal. The oscillations have signal-to-noise intensity ratio (SNR) of 40 dB when increasing the pump power by only ~ 2.5 dB from below to above threshold. Fig. 2c shows that the oscillations are suppressed when the same condition are retained while reversing the diode connection. This means that the polarity of the gate capacitor with respect to the polarity of the cell's capacitor, matters. The oscillations may be recovered a proper DC bias. Parametric oscillations rely on the nonlinearity of the diode resistance. At large DC bias, the diode exhibits a quasi linear I-V curve and its resistance is almost constant (Fig. 1b) . Likewise, when reversed biased, the diode exhibits a constant (and a very large) resistance. These two regions are not appropriate for parametric oscillations. The largest diode's nonlinearity is near the breakin region. For a sinusoidal amplitude of <2 Vp-p, the operational range for the Ge diode shown in Fig. 1b is between ±0.1 V and is optimal for 0 V.
Parametric oscillations may be observed for the above conditions when the pump frequency is scanned between 0.45 to 1.25 MHz. Within that bandwidth one may observe a rich spectra of sub-harmonics high pump-frequency's harmonics, as well as combinations between them all (Fig.  3c) . Based on the above bandwidth, the quality factor, Q= is of order 1. The quality factor is also related to the resistance, capacitance and inductance as, Q=R√(C/L). If one takes into account the capacitance of the cell (which is 3/2 times the gate capacitance of C=0.04 nF), then, Reff~1.8 KOhms; this is attributed to the diode and its contacts.
(a) (b) (c) Fig. 3. (a,b) The DC offset is ±0.1 V and the oscillations are suppressed. (c) Full spectra with harmonics, sub-harmonics and related combinations when the pump frequency is at 0.475 MHz. Note that the pump intensity is smaller at this lower end of the bandwidth.
What happens if we increase the pump amplitude to 10 times its previous value, say to 20 Vp-p?
The diode circuit exhibits nonlinearity when pumped with either large negative amplitudes (the Zener effect), or large positive amplitudes. The effect at large positive pump amplitudes happens when a small effective resistor, R, is connected in series with a small resistance diode. This resistor could be the result of contacts or wires. The current-voltage equation for the circuit current becomes Id=I=I0{exp[(V-I•R)/Vq)-1}, where I0 is the dark current, V is the input voltage and Vq=26 mV at room temperature. For a large input voltage and small resistances, the term I•R competes with the input V and the current becomes saturated. Thus, the transition from a quasi linear I-V curve to saturated curve is also a useful parametric oscillation region. When the pump amplitude is increased to ~20 Vp-p one can operate at higher frequencies, say at 1.75 MHz, yet, the useful pump bandwidth decreases to 300 KHz. Effectively, this increases the Q factor to ~6. The SNR is now 60 dB ( Fig. 4 ) and the peak intensity oscillations are only -10 dB below the transmitted pump power. At this point, efficient parametric oscillation is rather sensitive to the pump's DC offset, around 0 V. At pump frequency of ~1 MHz and at large pump amplitudes of ~20 Vp-p, one may observe half-, quarter-and sometimes eighth-of the pump-frequency. Fig. 4 . Higher pump frequencies are associated with a larger pump intensities. The seemingly signal broadening is the result of smaller resolution (30 KHz vs 10 KHz in Fig. 2 ).
Finally, parametric oscillations are suppressed if one connects the first and third (negative) electrodes together for a shared ground. This suggests that the inner gate works best while floating.
IV. Conclusions:
A simple and efficient parametric oscillator was built out of a capacitor-within-capacitor, a diode and an inductor. Pump amplitudes as low as 2 Vp-p (input power of -8.8 dBm) were used to generate a signal of ca -50 dBm, which translates to 0.01% efficiency.
